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Galactose catabolism in Aspergillus nidulans is regulated by at least two regulators, GalR and GalX. In
Aspergillus niger only GalX is present, and its role in D-galactose catabolism in this fungus was inves-
tigated. Phenotypic and gene expression analysis of a wild type and a galX disruptant revealed that
GalX regulates the D-galactose oxido-reductive pathway, but not the Leloir pathway in A. niger.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
D-Galactose, a component of plant cell wall polysaccharides [1],
is a poor carbon source for Aspergillus niger [2]. Yet, A. niger’s geno-
mic potential for releasing D-galactose from polysaccharides is
quite similar to Aspergillus nidulans that can growwell on this sugar
[3]. There are three described pathways for D-galactose catabolism
in Aspergilli (Fig. 1), the Leloir [4,5], the oxido-reductive [6–10] and
the DeLey–Doudoroff pathway [11]. The A. niger genome contains
orthologs for all Leloir pathway genes: galactokinase (galE;
An16g04160), galactose-1-phosphate uridyltransferase (galD;
An02g03590) and UDP-glucose-4-epimerase (galG; An14g03820)
[12]. The D-galactose oxido-reductive pathway in A. niger converts
D-galactose into D-fructose-6-phosphate by the action of D-xylose
reductase (XyrA) [7], galactitol dehydrogenase (LadB) [9], L-xylo-
3-hexulose reductase (XhrA) [13], sorbitol dehydrogenase (SdhA)
[7] and hexokinase (HxkA) [6], respectively. The role for L-arobose
as an intermediate of this pathway was suggested in A. nidulans,
but could so far not be conﬁrmed in A. niger [6–10]. This pathway
has also been described in A. nidulans and T. reesei, but the involved
enzymes differ in these species in that the pathway involves the
pentose catabolic pathway (PCP) enzymes L-arabitol-dehydroge-
nase (Lad) and xylitol dehydrogenase (Xdh) [10,14–17]. The PCP
enzyme L-xylulose reductase (Lxr) was previously suggested tochemical Societies. Published by E
l Biodiversity Centre, Uppsa-
302512097.
es).convert L-xylo-3-hexulose, but recently L-xylo-3-hexulose reduc-
tase was identiﬁed as the enzyme catalyzing this reaction in A. niger
and T. reesei [13]. The non-phosphorylating DeLey–Dourodoff path-
way consists of four enzymatic activities that convert D-galactose
into pyruvate and glyceraldehyde (Fig. 1) [11]. However, the corre-
sponding genes have not been identiﬁed, although two genes (glsA
and glsB) encoding 1,4-lactonases were identiﬁed in A. niger that
might play a role in this pathway [12].
Two regulators, GalR and GalX, are involved in regulation of the
Leloir and D-galactose oxido-reductive pathway genes in A. nidu-
lans [18]. While GalX is found in several Aspergilli, GalR was shown
to be unique to A. nidulans.
In this study, the function of GalX in A. niger was analyzed, in
particular to determine whether it fulﬁlls the role of both GalR
and GalX in A. nidulans.
2. Materials and methods
2.1. Strains, media and culture conditions
The A. niger strains used in this study are N402 (reference strain,
genotype: cspA) [19], N593 DkusA (genotype: cspA, DkusA::amdS+,
pyrG) [20] and FP-315.1 (galX disruptant, genotype: cspA, Dku-
sA::amdS+, DgalX::pyrG+). Strains were maintained on Minimal
Medium (MM) or Complete Medium (CM) [21]. Spore plates con-
tained CM + 2% glucose, while plates used in growth experiments
contained MM + 25 mM monosaccharide or 1% polysaccharide.
1.5% agarose was used to solidify the media. Several independentlsevier B.V. All rights reserved.
Fig. 1. D-Galactose catabolic pathways described for A. niger. (1) The metabolic Leloir pathway. (2) The oxido-reductive D-galactose pathway. (3) The DeLey–Doudoroff
pathway.
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was due to the galX disruption. All liquid cultures were grown in
Erlenmeyer ﬂasks on a rotary shaker (250 rpm) at 30 C. Cultures
for dry-weight determination were grown for 3 days in minimal
medium with 50 mM of the monosaccharide + 5 mM D-glucose
and inoculated with 106 spores/ml. Pre-cultures for DNA and
RNA isolation were grown overnight in 1 l Erlenmeyer ﬂasks con-
taining 250 ml CM with 2% D-fructose. D-Fructose was chosen as
this is a less repressing carbon source than D-glucose for A. niger
while it still promotes good growth [22]. For microarray analysis,
the pre-grown cultures were washed with MM and transferred to
250 ml Erlenmeyer ﬂasks containing 50 ml MM + 25 mMmonosac-
charide or 1% polysaccharide and were incubated for an additional
2 h. After incubation, the mycelium was harvested by vacuum
ﬁltration, dried between towels and immediately frozen in liquid
nitrogen.
2.2. Molecular biology methods and fungal transformation
Standard molecular biology methods used were based on
Sambrook et al. [23], unless stated otherwise. The galX coding se-
quence was ampliﬁed with its ﬂanking regions (approx. 1000 bp)
by PCR using the primers GTGGTAATGTTCTTTCGG and AAA-
GAATGCTGCTGTTTC and Accutaq LA DNA polymerase (Sigma–Al-
drich) according to the manufacturer’s instruction. The PCR
fragment was cloned into pGEM-T-EASY (Promega). To remove
the ORF of galX, the construct was ﬁrst digested with KasI, then
made blunt using Klenow fragment and then digested with HindIII.
The ORF of galX was replaced by a HindIII/SalI fragment containing
the pyrG genes [24]. The construct was linearized and transformed
to A. niger N539 DkusA using a standard protoplast formation and
PEG/sorbitol transformation [25].
Frozen mycelium was ground using a microdimembrator (B.
Braun GmBh, Melsungen, Germany) and DNA was isolated using
a standard chloroform/phenol extraction. Approximately 50–
100 ng and 3 lg of genomic DNA was used for PCR and Southern
blot analysis, respectively. Primers TTGTTTGAGTCATATGTGAGG
and CGGGATTTCACTGCTATC were used in combination with
N402 genomic DNA to amplify the galX probe used in Southernanalysis. DIG-labeling of the probe, hybridization and detection
was performed according to the DIG application manual
(www.roche-applied-science.com). RNA for micro-array analysis
was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) and puriﬁed using TRIzol Plus RNA Puriﬁcation Kit (Sig-
ma–Aldrich) according to the instructions of the manufacturer.
The concentration of RNA was determined by measuring the absor-
bance at 260 nm. The quality of the RNA was analyzed with an Agi-
lent 2100 bioanalyzer, using an RNA6000 LabChip kit (Agilent
Technology, Palo Alto, CA, USA). Microarray data was analyzed
using the Bioconductor Affy tool package (http://www.bioconduc-
tor.org/) under the statistical environment R [26]. The probe inten-
sities were normalized for background by using the Robust
Multiarray Average (RMA) algorithm [27] for the Afﬁmetrix CEL
ﬁles with only the perfect match (PM) probes. The quantiles algo-
rithm [28] was used to perform normalization and gene expression
values were calculated by the medianpolish summary method
[27]. The normalized gene expression values were then processed
with the statistical tool Cyber-T [29] to detect differential signiﬁ-
cance, using the BayesANOVA algorithm. Gene expression varia-
tion with P-value <0.05 and fold change P2 were considered
signiﬁcant. The microarray data of the wild type and galX disrup-
tant have been deposited at GEO under accession number
GSE40219.
2.3. Genomic cluster comparison
Synteny of galX in the genomes of A. nidulans, A. niger, A. oryzae,
A. ﬂavus, A. clavatus, N. ﬁscheri, A. terreus and A. fumigatus was ana-
lyzed using the Sybil algorithm [30] at www.aspgd.org.
3. Results
3.1. Identiﬁcation and characterization of A. niger GalX
GalR is absent in A. niger, but BlastP analysis identiﬁed
An16g01640 as homolog of A. nidulans GalX (Fig. 2). Microarray
analysis of A. niger N402 grown in liquid cultures revealed a spe-
ciﬁc induction of galX on D-galactose compared to other carbon
3982 B.S. Gruben et al. / FEBS Letters 586 (2012) 3980–3985sources (Supplementary Table 2). A genomic cluster comparison,
using the Sybil algorithm [30], showed that galX is conserved
amongst most Aspergilli, but absent in A. terreus, A. clavatus and
N. ﬁscheri, and that its surrounding region is highly variable (Fig. 1).
Disruption of galX in A. niger resulted in a strain that grew sim-
ilar to A. niger N402 on MM [21] using a variety of carbon sources
(Fig. 3). The exception to this was galactitol, where no growth was
observed for the galX disruptant. However, sporulation was
strongly reduced on 25 mM D-galactose + 3 mM D-glucose (to in-
duce germination) and on 25 mM galactitol + 3 mM D-glucose.
Growth on D-galactose with 3 mM D-xylose or 3 mM L-arabinose,
to determine the effect of using different monosaccharides to
induce germination, resulted in a slight reduction in growth for
D-galactose + D-xylose and a strong reduction on D-galactose +
L-arabinose (Fig. 3). D-Galactose alone was not used as a carbon
source, since previous studies in our lab already indicated that
no growth occurs on this medium.
Determination of dry-weight of liquid cultures of the two
strains conﬁrmed the growth phenotype on plates (Fig. 4). Growth
of the two strains was similar on D-glucose and L-sorbose, while the
mutant had reduced growth on D-galactose and alactitol (each with
5 mM of glucose to achieve germination).
3.2. GalX does not control D-galactose release from oligo- and
polysaccharides
A subset of genes was analyzed using the microarray data to
determine whether any speciﬁc changes could be observed in the
expression levels of genes involved in D-galactose release (Table 1)
in the DgalX strain compared to the reference strain. Most genes
encoding a- and b-galactosidases, and endo- and exogalactanases
[3,31–35] were not speciﬁcally induced after a two hour transfer
to D-galactose (Supplementary Table 1). None of these genes
showed a signiﬁcantly decreased expression level in the DgalX
strain compared to the reference strain (Table 1). However, four
genes encoding a-galactosidases (aglB; An02g11150, aglA;Fig. 2. Synteny map of the galX locus in A. nidulans FGSC A4, A. niger CBS513.88 and ATC
galX gene is conserved in A. nidulans, A. niger, A. oryzae, A. ﬂavus and A. fumigatus, but abse
xhrA, a putative dehydrogenase (deh1) and a putative reductase (red1) are indicated.An06g00170, An18g04100 and An01g01320), one gene encoding
a b-galactosidase (lacA; An01g12150), two genes encoding exo-
galactanases (An03g01050 and An01g10350) and one gene encod-
ing an endo-galactanase (An14g01800) showed aPtwofold higher
expression in the A. niger DgalX strain compared to the reference
strain (Table 1). This correlated with higher a- and b-galactosidase
activities on guar gum and arabinogalactan, in the DgalX strain
compared to N402 (data not shown).
3.3. GalX controls the galactose oxido-reductive pathway in A. niger
The genes encoding putative enzymes of the Leloir and Deley–
Doudoroff pathway in A. niger were also not speciﬁcally induced
on D-galactose in the reference strain (Supplementary Table 2)
and were not down-regulated in the A. nigerDgalX strain compared
to the reference strain on D-galactose (Table 2). In contrast, the oxi-
do-reductive pathway genes ladB, xhrA and sdhA were signiﬁcantly
down-regulated (45-fold, 207-fold and sixfold reduced, respec-
tively) in the A. niger DgalX strain, suggesting regulation of these
genes by GalX (Table 2). In addition, microarray analysis identiﬁed
a putative reductase (red1;An16g01630, member of the enoyl-
reductase-like family) and a putative dehydrogenase (de-
h1;An16g01700, member of the sorbitol dehydrogenase family)
that have signiﬁcantly reduced expression on D-galactose in DgalX
compared to N402 (Table 2). Notably, these genes are located close
to ladB, xhrA and galX on chromosome V. The deh1 gene is speciﬁ-
cally induced on D-galactose in N402 (Supplementary Table 2). The
deh1 gene is unique to A. niger, while red1 is present in the gen-
omes of A. niger, A. nidulans, A. ﬂavus and A. oryzae, but it is only
located close to galX in A. niger (Fig. 1). The xhrA and ladB genes
are conserved in Aspergilli.
4. Discussion
In A. nidulans, D-galactose catabolism is regulated by two
Zn(II)2Cys6 transcriptional activators, GalX and GalR in aC 1015, A. oryzae RIB40, A. ﬂavus NRRL3357 and A. fumigatus A1163 and Af293. The
nt in A. terreus, A. clavatus and N. ﬁscheri. The positions of galX, A. nidulans galR, ladB,
Fig. 3. Growth of the DgalX strain and the reference strain on various carbon sources. Glc = 25 mM D-glucose, Xyl = 25 mM D-xylose, Ara = 25 mM L-arabinose,
Gal + Glc = 25 mM D-galactose + 3 mM D-glucose, Gal + Xyl = 25 mM D-galactose + 3 mM D-xylose, Gal + ara = 25 mM D-galactose + 3 mM L-arabinose, G-ol = 25 mM galactitol,
G-ol + Glc = 25 mM galactitol + 3 mM D-glucose, Sorb = 25 mM L-sorbose, S-ol = 25 mM sorbitol, Raf = 25 mM rafﬁnose, Man = 25 mM D-mannose, ABG = 1% arabinogalactan,
AP = 1% apple pectin (pH 6.0), GG = 1% guar gum. The strains were grown for 4 days, except for the last three conditions, which were grown for 6 days to emphasize the
differences.
Fig. 4. Dry-weight of the DgalX strain and the reference strain in liquid cultures on
various carbon sources. 50 mM of the indicated carbon sources were used + 5 mM
of D-glucose.
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gilli for which a genome is available. GalX is present in the gen-
omes of A. niger, A. nidulans, A. oryzae, A. ﬂavus, and A. fumigatus,
but is absent in A. terreus, A. clavatus and N. ﬁscheri. This suggests
a signiﬁcantly different regulatory organization of D-galactose
catabolism in these related fungi.
Microarray data analysis revealed that the A. niger galX is
speciﬁcally induced on D-galactose, when mycelium was trans-
ferred from a pre-culture containing CM + D-fructose to a culture
containing MM + D-galactose. A. niger is unable to germinate on
MM + D-galactose, but is able to use this carbon source once
germinated. Recently it was shown that the inability to germinate
on D-galactose is due to the absence of D-galactose transport during
germination [36], and that germination and growth does occur on
D-galactose alone if ammonium is used as a nitrogen source instead
of nitrate (unpublished data). This phenotype was conﬁrmed by
growth of A. niger from spores on D-galactose in the presence ofsmall amounts of D-xylose and L-arabinose. A reduction in growth
was observed in the DgalX strain compared to the reference strain.
The small reduction in the presence of D-xylose might be due to the
activation of D-xylose reductase expression on D-xylose by XlnR
[37]. This does not occur on L-arabinose, which likely explains
the larger growth defect. The strong phenotype of the mutant on
galactitol, but not on L-sorbose or sorbitol demonstrates that the
inﬂuence of GalX is largest on the ﬁrst part of the oxido-reductive
pathway. As the role of L-sorbose in the pathway is still unclear
[6–10], the absence of a phenotype on this sugar could also be
due to its conversion through a different catabolic pathway.
In A. nidulans, GalR activates the expression of genes of the
Leloir pathway (galactokinase (galE) and D-galactose-1-phosphate
uridyltransferase (galD) [18]. In A. niger, GalX does not seem to
substitute for the absence of GalR as the Leloir genes have a similar
expression in the absence of GalX. The PCP genes ladA, lxrA and
xdhA that have been implicated to be involved in the D-galactose
oxido-reductive pathway in A. nidulans [10,13–17], were similar
or higher expressed in the DgalX strain than in the reference strain
and were also not speciﬁcally induced on D-galactose in N402 (Sup-
plementary Table 2; Table 2). In contrast, the expression of ladB
was reduced in the DgalX strain, which is consistent with the abol-
ished expression of ladB in the DgalX strain of A. nidulans [18] and
the absence of growth on galactitol. The same expression proﬁle
was observed for two recently identiﬁed genes of the A. niger
D-galactose oxido-reductive pathway, xhrA [13] and sdhA [7], and
indicates that GalX is the main regulator of the oxido-reductive
pathway in A. nidulans and A. niger. The identiﬁcation of two addi-
tional GalX regulated genes encoding a putative dehydrogenase
and reductase, suggests the involvement of additional genes in this
pathway. It was previously shown that A. niger DxyrA is still able to
grow on 2% D-galactose + 0.025% D-xylose and that DsdhA is still
able to grow on galactitol [7]. This may indicate that red1 and
deh1 might also encode enzymes involved in the oxido-reductive
pathway in A. niger, where red1 might encode a D-galactose
Table 1
Expression comparison of genes encoding a- and b-galactosidases, and endo- and exo-galactanases in the A. niger N402 andDgalX strains on D-galactose. The expression levels are
mean values of duplicate samples. The fold change is the difference in expression between the wild type and the DgalX strain. Genes with fold changeP2 and P-value <0.05 were
considered signiﬁcantly changed and marked bold.
Enzyme Activity Gene ID GH family Reference Reference strain DgalX Fold change P-value
XSG Exo-1,6-galactanase An03g01050 GH5 [3] 37.4 ± 0.5 1156.8 ± 436.6 +31.0 2.2E05
AGL a-Galactosidase An02g11150 (aglB) GH27 [33] 178.1 ± 109.7 1685.2 ± 198.9 +9.5 1.2E03
LAC b-Galactosidase An01g12150 (lacA) GH35 [35] 214.4 ± 95.7 1403.6 ± 352.9 +6.5 3.5E03
XTG Exo-1,3-galactanase An18g04100 GH5 [3] 64.9 ± 4.7 392.9 ± 81.3 +6.1 2.1E03
AGL a-Galactosidase An06g00170 (aglA) GH27 [34] 35.1 ± 7.6 185.4 ± 101.4 +5.3 4.1E03
LAC b-Galactosidase An01g10350 GH35 [3] 49.2 ± 22.8 175.8 ± 0.8 +3.6 8.8E03
AGL a-Galactosidase An01g01320 GH27 [3] 12.9 ± 0.0 31.5 ± 20.0 +2.4 4.2E02
AGL a-Galactosidase An14g01800 GH27 [3] 17.5 ± 1.8 41.0 ± 0.5 +2.3 5.2E03
XTG Exo-1,3-galactanase An08g01100 GH5 [3] 129.9 ± 54.6 231.9 ± 0.9 +1.8 0.2
LAC b-Galactosidase An06g00290 GH35 [3] 42.0 ± 2.1 70.3 ± 1.9 +1.7 0.1
AGL a-Galactosidase An04g02700 GH36 [3] 40.8 ± 1.5 65.2 ± 3.0 +1.6 0.2
GAL Endogalactanase An18g05940 (galA) GH53 [32] 14.5 ± 2.8 22.9 ± 4.3 +1.6 3.0E02
AGL a-Galactosidase An09g00260 (aglC) GH36 [31] 222.2 ± 175.2 322.6 ± 0.3 +1.5 0.4
XTG Exo-1,3-galactanase An06g02060 GH5 [3] 12.7 ± 0.3 17.2 ± 1.6 +1.3 3.4E02
LAC b-Galactosidase An14g05820 GH35 [3] 17.1 ± 0.5 20.6 ± 0.8 +1.2 0.2
AGL a-Galactosidase An11g06330 GH27 [3] 23.4 ± 1.9 21.3 ± 3.9 1.1 0.7
LAC b-Galactosidase An07g04420 GH35 [3] 19.3 ± 1.9 17 ± 0.5 1.1 0.4
GAL Endogalactanase An16g06590 GH53 [3] 15.4 ± 0.5 13.0 ± 1.6 1.2 0.2
XTG Exo-1,3-galactanase An11g07660 GH5 [3] 146.2 ± 29.7 115.9 ± 12.5 1.3 0.6
Table 2
Expression comparison of genes encoding GalX, and putative enzymes of the Leloir, DeLey–Doudoroff and oxido-reductive pathway in the A. niger N402 and DgalX strains on D-
galactose. The expression levels are mean values of duplicate samples. The fold change is the difference in expression between the wild type and the DgalX strain. Genes with fold
change P2 and P-value <0.05 were considered signiﬁcantly changed and marked bold.
Gene Activity Gene ID Metabolic pathway Reference Reference strain DgalX Fold change P-value
lxrA L-Xylulose reductase An08g01930 Oxido-reductive [15] 79.8 ± 17.8 655.1 ± 423.3 +8.2 4.8E03
ladA L-Arabitol dehydrogenase An01g10920 Oxido-reductive [38] 159.6 ± 43.6 664.9 ± 201.4 +4.2 1.5E02
glsA 1,4-Lactonase An05g02030 DeLey–Doudoroff? [11] 43.5 ± 9.8 168 ± 72.9 +3.9 1.0E02
galGc UDP-glucose-4-epimerase An02g08750 Leloir [11,39] 53.8 ± 10.4 145.8 ± 35.4 +2.7 2.9E02
galE Galactokinase An16g04160 Leloir [11,39] 306.4 ± 173.8 537.3 ± 145.3 +1.8 0.2
xdhA Xylitol dehydrogenase An12g00030 Oxido-reductive [38] 740.3 ± 43.6 1042.7 ± 106.7 +1.4 0.5
galGe UDP-glucose-4-epimerase An12g10410 Leloir [11,39] 53.4 ± 5.0 44.2 ± 6.1 +1.2 0.6
galGa UDP-glucose-4-epimerase An01g12220 Leloir [11,39] 67.8 ± 18.8 78.8 ± 8.5 +1.2 0.7
galGg UDP-glucose-4-epimerase An12g04260 Leloir 15 16.1 ± 0.9 18.0 ± 0.1 +1.1 0.4
glsB 1,4-Lactonase An16g06620 DeLey–Doudoroff? [11] 17.3 ± 0.3 18.7 ± 0.6 +1.0 0.7
galGf UDP-glucose-4-epimerase An01g11440 Leloir [11,39] 16.6 ± 0.0 16.6 ± 1.5 +1.0 1.0
galGb UDP-glucose-4-epimerase An14g03820 Leloir [11,39,40] 503.7 ± 99.6 438.1 ± 36.2 1.1 0.8
galD Galactose-1-phosphate uridyl transferase An02g03590 Leloir [11,39] 637.8 ± 118.2 588.5 ± 289.8 1.1 0.8
xyrA D-Xylose reductase An01g03740 Oxido-reductive [41] 101.8 ± 45.5 67.7 ± 13.5 1.5 0.4
galF UTP-glucose-1-phosphate uridyl transferase An12g00820 Leloir [11,42] 756.6 ± 243.0 446.6 ± 152.4 1.7 0.3
sdhA Sorbitol dehydrogenase An07g01290 Oxido-reductive [7] 2022.2 ± 829.2 354.1 ± 432.3 5.7 2.8E02
deh1 Putative dehydrogenase An16g01700 Oxido-reductive? [43] 122.3 ± 64.1 20.7 ± 5.3 5.9 2.2E03
red1 Putative reductase An16g01630 Oxido-reductive? [43] 595.6 ± 12.9 19.6 ± 4.2 30.4 2.0E05
ladB Galactitol dehydrogenase An16g01710 Oxido-reductive [9] 9938.5 ± 1237.1 221.9 ± 35.7 44.8 1.4E06
galX Galactose regulator An16g01640 This study 948.6 ± 639.4 17.3 ± 2.5 54.8 2.9E05
xhrA L-Xylo-hexose reductase An16g01650 Oxido-reductive [13] 3716.1 ± 1499.0 17.9 ± 2.7 207.3 1.4E07
3984 B.S. Gruben et al. / FEBS Letters 586 (2012) 3980–3985reductase that might be even more speciﬁc than xyrA and deh1
might encode an enzyme similar to sdhA. Functional analysis of
these enzymes will be needed to conﬁrm this.
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